Arbekacin, a derivative of dibekacin, is an aminoglycoside developed and widely used in Japan for the treatment of patients infected with methicillin-resistant Staphylococcus aureus (MRSA). The population pharmacokinetics of arbekacin was investigated in the Japanese, using 353 patients infected with MRSA and 50 healthy or renally impaired volunteers. The age of the study population ranged from 8 to 95 years, and weight ranged from 10.8 to 107 kg. In total, 1,581 serum arbekacin concentrations were measured (primarily from routine patient care) and used to perform the present pharmacokinetic analysis. Drug concentration-time data were well described by a two-compartment open model. Factors influencing arbekacin pharmacokinetics were investigated using a nonlinear mixed-effect model analysis. The best-developed model showed that drug clearance (CL) was related to creatinine clearance (CL CR ), age, and body weight (WT), as expressed by CL (liter/h) ‫؍‬ 0.0319CL CR ؉ (26.5/age) (CL CR < 80 ml/min) and CL (liter/h) ‫؍‬ 0.0130 CL CR ؉ 0.0342WT ؉ (26.5/age) (CL CR > 80 ml/min). The volume of distribution for the central and peripheral compartments was different in healthy subjects and infected patients, and this difference was more pronounced among disease types. The elderly subjects (aged 80 years or over) exhibited, on average, a 19% greater volume for the central compartment. The volumes for the peripheral compartment were 50.6 liters in patients with pneumonia and 24.3 liters in patients with sepsis. The population pharmacokinetic parameters of arbekacin obtained here are useful for optimal use of this aminoglycoside in the treatment of MRSA-infected patients.
Arbekacin [1-N-(S)-4-amino-2-hydroxybutyl dibekacin] is an effective aminoglycoside antibiotic against methicillin-resistant Staphylococcus aureus (MRSA) and is stable in the presence of aminoglycoside-inactivating enzymes produced by MRSA (1, 10, 22) . Arbekacin is a derivative of dideoxykanamycin B (dibekacin), developed in Japan, with specific activities against both gram-positive and gram-negative bacteria (16) . The anti-MRSA potency of arbekacin was superior to that of vancomycin (1) , and arbekacin showed a longer postantibiotic effect than vancomycin did (44) .
In this decade, arbekacin, vancomycin, and teicoplanin have been used for the treatment of MRSA infections in Japan. Similar to other aminoglycosides, arbekacin is excreted exclusively in urine in its unchanged form via glomerular filtration, and some portion is reabsorbed by tubular reabsorption. In subjects with normal renal function receiving a single intramuscular dose of 3 mg/kg of body weight (typical half-life of arbekacin is 1.5 to 2.7 h), the apparent volume of distribution (V) is 0.28 to 0.37 liter/kg, and the total body clearance (CL) is 97 to 146 ml/min per 1.73 m 2 (6) . In patients with severe renal insufficiency (creatinine clearance [CL CR ], Ͻ10 ml/min), the half-life is 18.5 to 46.4 h, the apparent V is 0.26 to 0.56 liter/kg, and total body CL is 8 to 12 ml/min per 1.73 m 2 (6) . Thus, linear relationships are observed between arbekacin pharmacokinetics and the glomerular filtration rate.
Although the approved dose and dosage of arbekacin for adult patients (150 to 200 mg per day) is usually administered as a divided dose by intravenous or intramuscular injection, therapeutic drug monitoring (TDM) is often used to achieve drug concentrations within the therapeutic range for individual patients. Since patients treated with arbekacin usually suffer from severe infections, it is important to reach the target therapeutic concentration quickly. The effective peak concentration of arbekacin is presumed to be 7 to 12 g/ml, and the safe trough concentration is less than 2 g/ml. However, these recommended serum concentrations of arbekacin were based on other aminoglycosides, such as gentamicin, amikacin, and tobramycin. The optimal serum concentration of arbekacin for patients infected with MRSA has not been investigated previously.
In order to interpret individual TDM measurements and then apply them to dose individualization, the pharmacokinetic information in the target patient population is essential. However, only limited findings have been reported on arbekacin disposition in a small number of subjects. In the present study, we have conducted an open-label, multicenter study to characterize arbekacin pharmacokinetics and pharmacodynamics in a large population, including some patients infected with MRSA. Arbekacin concentration data obtained during routine clinical care (sparsely monitored) were collected and analyzed by a population pharmacokinetic analysis using a nonlinear mixed-effect model. The purpose of this article is to describe the population pharmacokinetics of arbekacin in Japanese patients infected with MRSA, and the concentration-response relationships are reported in a companion article (35) .
(This work was presented in part at the 43rd Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, Illinois, 14 to 17 September 2003.)
MATERIALS AND METHODS
Material. Arbekacin, -3-amino-3-deoxy-␣-D-glucopyranosyl-(136)--[2,6diamino-2,3,4,6-tetradeoxy-␣-D-erythro-hexopyranosyl-(134)]-1-N-[(2S)-4-amino-2hydroxybutanoyl]-2-deoxy-D-streptamine sulfate, produced by Meiji Seika Kaisha, Ltd. (Tokyo, Japan) was used.
Population. Serum concentration data of arbekacin from 353 hospitalized Japanese patients with suspected MRSA infections were collected prospectively from 51 institutions participating in the current study, The Anti-MRSA Drug TDM Study Group (see Acknowledgments), from 1999 through 2002. These drug concentration data were collected as part of routine TDM data. The following information was also collected: gender, age, body weight (WT), and laboratory data, including serum creatinine, creatinine clearance, blood urea nitrogen at appropriate times during arbekacin treatment, and MICs of isolated pathogens. The CL CR estimate calculated according to the Cockcroft-Gault equation (3) was used for any patients without actual CL CR measurements. The study also accepted the associated retrospective clinical data. In cases where blood sampling was taken as part of the routine TDM and clinical laboratory testing, written informed consent and ethical approval were not necessary. Also, retrospective data on 28 healthy volunteers and 22 renally impaired volunteers (healthy subjects) were also included in the study (2, 17, 41, 42, 45) . Renal impairment severity ranged from mild to severe [CL CR Ն 70 ml/min (n ϭ 1), 50 ml/min Յ CL CR Ͻ 70 ml/min (n ϭ 7), 20 ml/min Յ CL CR Ͻ 50 ml/min (n ϭ 11), CL CR Ͻ 20 ml/min (n ϭ 3)], and these individuals were not infected with MRSA. The reasons for including healthy volunteers and renally impaired volunteers in the analysis were as follows. (i) Because there is not much drug concentration data for the patients, i.e., two to four concentrations for each individual, extensive drug concentration data from volunteers are also used to build a structural pharmacokinetic model. (ii) By pooling data, we can directly compare pharmacokinetic characteristics between healthy subjects and infected patients. (iii) We included data from renally impaired volunteers in the analysis to investigate the effect of renal impairment, because there was not a representative number of patients with renal impairment among the infected patients.
Dosing schedules. In healthy or renally impaired volunteers, a single dose of 75, 100, or 200 mg was administered over 25 min by intravenous infusion to 14, 20, and 5 subjects, respectively. Three volunteers were administered 75 mg of arbekacin every 12 h for five consecutive days, three volunteers were administered 100 mg of arbekacin every 12 h for five consecutive days, and five volunteers were administered 200 mg of arbekacin every 24 h for five consecutive days. The attending physicians of 353 hospitalized patients with suspected MRSA infection ordered various dosing schedules, and these dosing schedules are summarized in Table 1 . Although the arbekacin label recommends a 150-to 200mg/day dose (twice-daily regimen), a once-daily regimen was actually used (23, 24) similar to the regimens of other aminoglycosides. A total of 236 patients received concomitant antibiotic therapy, such as ␤-lactams, another aminoglycoside, macrolides, quinolones, fosfomycin, and so on. It is known that there is no pharmacokinetic interaction between arbekacin and these drugs (package insert of habekacin, Meiji Seika Kaisha, Ltd., Tokyo, Japan). For 10 patients, it was unknown whether other antibiotics had been concomitantly prescribed.
Pharmacokinetic method. Serum arbekacin concentrations were measured as part of routine clinical monitoring at each hospital where the serum samples were taken. The doses and sample times were accurately recorded. Sera were stored at Ϫ20°C until analyzed. Arbekacin levels were measured by fluorescence polarization immunoassay (FPIA) using the TDX system (Dainabot Co., Ltd., Tokyo, Japan). The lower limit of detection was 0.4 g/ml. The coefficients of variation for the assay were 3.0%, 3.8%, and 2.9% for arbekacin mean concentrations of 1.98, 6.10, and 11.88 g/ml, respectively.
In a single-dose study (2, 17, 41, 42, 45) , up to nine samples were drawn from healthy or renally impaired volunteers at the following time points: 0.5, 1, 1.25, 1.5, 2, 4, 6, 8, and 12 h after administration. For the multiple-dose study (42, 45) , for five consecutive days, up to 32 samples were drawn from healthy volunteers at the following time points: 0.5, 1, 1.25, 1.5, 2, 4, 6, 8, and 12 h after the first dose and the last dose and immediately before and 1 h after each dose. The concentrations of arbekacin in serum were determined by one of the following three methods. A bioassay method was performed using Bacillus subtilis ATCC 6633 as a test organism, mycin assay agar (peptone [5 g], beef extract [3 g], and agar [15 g] in 1,000 ml of distilled water, quantum sufficiat) as the assay medium, and 0.1 M phosphate buffer (pH 8.0) as the diluent (37) . The lowest detectable concentration of arbekacin by the cup-plate method was 0.016 g/ml. Another method was high-performance liquid chromatography (HPLC) with a Tri Rotor SR 2 system analyzer (JASCO Corporation, Tokyo, Japan) and TSK gel ODS 120A-5 or 10-m column (4Ø ϫ 50 mm; Tosoh Corporation, Tokyo, Japan) by the postlabeling method (15) . The accuracy of this HPLC assay was 2.7 to 3.8% in human serum. The lower limit of detection in serum was 0.5 g/ml. The last method was FPIA using the TDX system. Good linear correlations were found among the bioassay, HPLC, and FPIA methods; thus, these three assays were comparable (2, 17) .
Pharmacokinetic model. A population pharmacokinetic analysis was performed using the NONMEM program (version V) with a PREDPP library and the NM-TRAN preprocessor. The pharmacokinetics of arbekacin was assumed to follow a two-compartment model where elimination takes place from the central compartment. We first fitted the one-and two-compartment models with no covariates, and the results suggested that the two-compartment model better described the current data set. The change in the objective function value (⌬OBJ) between the one-and two-compartment models was 392.5 in the basic model with no covariates, and furthermore, the biphasic elimination was showed by the plot of serum concentration profile (Fig. 1 ). The basic parameters were total body clearance (CL), volume of distribution in the central compartment (V 1 ), volume of distribution in the peripheral compartment (V 2 ), and intercompartmental clearance (Q), and these were estimated using a model from the PREDPP library (ADVAN 3 and TRANS 4).
The interindividual variability in CL, V 1 , and V 2 was assumed to obey a log-normal distribution, expressed by the following equations, because pharmacokinetic parameters are always positive and because the distribution of individual parameters is usually skewed to the right. 
where i denotes the difference between the individual parameter (CL i , V 1i , and V 2i ) for subject i and the typical value (CL, V 1 , and V 2 ) predicted by the population mean. The is distributed with a mean of zero and a variance equal to 2 . The addition of on Q resulted in no improvement of model fitting. Therefore, for Q was not included in the population model. The models also included estimates of the residual random error for arbekacin (ε). The residual random errors are composites of assay errors, intraindividual changes in the pharmacokinetic parameters, and model misspecification errors. The distribution of ε was assumed to be normal and was characterized by a mean of zero and a variance, 2 , which can be estimated by NONMEM. The residual variability was modeled by an additive error according to the equation Cp ϭ F ϩ ε, where Cp is the observed serum arbekacin concentration and F is the concentration predicted from the compartmental model.
Factors affecting the pharmacokinetics of arbekacin. Starting from a simple two-compartment model, covariates that might influence the pharmacokinetics of arbekacin were stepwise added one by one to the basic model. About CL, first the individual posthoc estimates of arbekacin CL were obtained from the basic model before a covariate was added into the model, and then the linear relationship between arbekacin CL and CL CR was obtained. Moreover, we also obtained the upper limit of the linear relationship. Since CL CR is a useful parameter describing renal function, we thought CL CR as a covariate influencing arbekacin clearance was reasonable. Therefore, a fixed-effect variable, i.e., CL CR , was added into the basic model. As an upper limit of the linear relationship between arbekacin CL and CL CR , we explored 60, 80, 100, or 120 ml/min as possible breakpoints. Moreover, the CL was modeled as being proportional to both CL CR and body weight in patients with normal renal function. For each model, the improvement in the fit obtained on addition of a fixed-effect variable into the overall model was assessed by the difference in the objective function, which is equal to Ϫ2(log likelihood difference). This difference is asymptotically distributed as 2 with degrees of freedom equal to the number of added/reduced parameters. A change in the objective function value of 3.84 with freedom of unity represents a statistically significant (P Ͻ 0.05) model improvement. Thus, the regression coefficients () of the patients CL CR values of Ն80 ml/min and Ͻ80 ml/min were assumed to be different.
where CL is a typical value of clearance. Whether the other covariates, such as age and sex, influenced arbekacin clearance were examined by adding them one by one into the model. In the same way, we estimated a covariate influence to V 1 and V 2 . All covariates investigated were as follows: (i) WT, age, elderliness, sex, and disease types on V 1 and (ii) WT, elderliness, and disease types on V 2 . When the effect of elderliness was considered for V 1 , even after WT and disease types were taken into account, V 1 elderly ϭ 10 V 1 nonelderly .
The influence of elderliness was tested by two models with different breakpoints. In model 1, age of Ͻ65 years versus age of Ն65 years was tested (⌬OBJ ϭ 6.5; P ϭ 0.011). In model 2, age of Ͻ80 years versus age of Ն80 years was tested (⌬OBJ ϭ 10.3; P ϭ 0.001).
Since model 2 fit the data better, we chose 80 years as the breakpoint for elderliness. In addition, dividing the population into three subgroups on the basis of two breakpoints (65 and 80 years) showed no further improvement on model fitting. No covariate affected the intercompartmental clearance.
Validation of the developed population pharmacokinetic model. The bootstrap resampling procedure is often used for evaluating the stability and robustness of a population model by repeatedly fitting it to the bootstrap samples when there is no test data set (5) . A bootstrap involves repeated random sampling, with replacement, of the original data set to produce another data set of the same size as the original but with a different combination of subjects. The bootstrap resampling was repeated 200 times to evaluate whether an appreciable discrepancy existed between the parameter values estimated from the original data and the estimated bootstrap mean values. The entire procedure was performed in an automated fashion using DOS batch files, Microsoft Excel routines, and Awk scripts, in conjunction with NONMEM (30) . The bias, expressed as the mean prediction error of observed and model-predicted concentrations, and the precision, root mean square prediction error, from the final population model, were compared with the mean bias and mean precision obtained from the 200 bootstrap analyses. Table 2 summarizes the characteristics of the subjects participating in the current study. Their ages ranged from 8 to 95 years, their weights ranged from 10.8 to 107 kg, and 128 of the patients were female. Two children who were 8 years old were included, and the other children were more than 16 years olds. A total of 215 subjects were older than 65 years, and 66 subjects were older than 80 years. Most of the starting dose regimens were 100 mg twice a day (32.6% of all patients). At the end of treatment, however, the majority of dose regimens were 200 mg once a day (31.2% of all patients) compared with 20.7% taking 100 mg twice a day.
RESULTS

Patients.
A total of 1,581 serum samples were obtained from 403 subjects, for an average of 3.92 samples per subject, a median of 2 samples per subject, and a range of 1 to 32 points per subject. For 89.2% of the subjects, more than two serum samples were taken to determine arbekacin concentration. Many samples were drawn at the end of infusion and/or immediately before the next administration. Figure 1 contains a plot of all serum concentrations versus postdose sampling time.
Population pharmacokinetic parameters of arbekacin. Table 3 shows the results of hypothesis testing for each factor that was included in the full model. In patients with a CL CR of Ն80 ml/min, both 5 and 6 were significantly different from zero, indicating that CL was related to both body weight and creatinine clearance. In contrast, in patients with CL CR of Ͻ80 ml/min, only CL CR was a significant factor, while body weight showed an insignificant effect, suggesting that the CL in this population has a simple relationship with CL CR . These findings suggest that the arbekacin dose is usually determined on the basis of a patient's renal function but that body weight must be taken into account for patients with normal renal function. The estimated arbekacin clearance determined by the Bayesian method using the basic model versus CL CR is shown in Fig. 2 . The population mean of V 1 was 0.170 (liter/kg). Patients with pneumonia or sepsis increased the V 1 value significantly by 60% ( 8 ), and patients with infections with the exceptions of pneumonia and sepsis increased the V 1 value significantly by 40% ( 9 ) compared to subjects who were not infected. Figure  3 shows the individual V 1 values for healthy subjects and patients with infectious diseases classified by the type of illness. These V 1 values were calculated by the Bayesian method using the final model. Moreover, the elderly subjects over 80 years showed a 19% increase in V 1 .
The V 2 was 15.7 liters in healthy subjects, and the V 2 in patients with infectious diseases was larger than that of healthy subjects. The V 2 value in patients with pneumonia is especially large, i.e., 3.2 times larger than the V 2 value in healthy subjects and twice as large as the V 2 value in patients with infections with the exception of pneumonia.
The final estimates for the population pharmacokinetic parameters of arbekacin are summarized in Table 4 . Fig. 4 shows scatter plots of predictions versus observed concentrations and weighted residual versus predictions. The interindividual variability in CL, V 1 , and V 2 were estimated as 38.8, 37.1, and 164.6%, respectively, and intraindividual residual variability for arbekacin concentrations was 1.07 g/ml.
Model validation. The final model was fitted repeatedly to 200 bootstrap-resampled data sets. The average parameter values obtained from the bootstrap analyses and the final estimates from the original data set are compared in Table 5 . for healthy subjects (n ϭ 50) and patients with infectious diseases classified by the type of illness, pneumonia or sepsis (n ϭ 285), burn (n ϭ 15), or other disease type (n ϭ 53). V 1 values (liter/kilogram) calculated by the Bayesian method and 25, 50, and 75 percentiles, whiskers at Ϯ 1.5 times the interquartile range, and outliers are denoted. The differences between healthy subjects and patients with various diseases were tested by the Dunnett test. The data were log transformed to approximate a normal distribution. Apart from the largest difference of 16% ( 11 ), the other parameter differences were less than 6%. The result of bootstrap analysis validation indicated that the reliability and robustness of the parameter estimates and thus the population pharmacokinetic model was acceptable. The bias, expressed as the mean prediction error, of the final model was 0.066 g/ml, while the mean bias (95% confidence interval) obtained from the 200 bootstrap analyses was 0.068 g/ml (0.058 to 0.077 g/ml). The precision, expressed as root mean square prediction error from the final population model was 2.06 g/ml, and the mean precision (95% confidence interval) obtained from the 200 bootstrap analyses was 2.07 g/ml (2.05 to 2.08 g/ml).
DISCUSSION
Arbekacin is an aminoglycoside antibiotic widely used in Japan for the treatment of patients infected with MRSA. The TDM of arbekacin is conducted as part of routine patient care for optimization of individual arbekacin therapy, similar to other aminoglycosides. It was reported that the rate and extent of bacterial killing by aminoglycosides are concentration dependent (12, 26, 27) , and the occurrence of oto-and nephrotoxicity is partly related to aminoglycoside exposure (9, 34) . Therefore, the pharmacokinetic information of arbekacin in the target patient population is necessary not only for dose individualization but also for analysis of exposure-response relationships.
In recent years, the population pharmacokinetic models of aminoglycosides were reported for gentamicin (33) , amikacin (32) , and tobramycin (4) . In the present study, we developed the population pharmacokinetic model and obtained its parameters for arbekacin in patients infected with MRSA. Simultaneously, factors affecting the pharmacokinetics of arbekacin were found by using nonlinear mixed-effect modeling. Although the pharmacokinetics of arbekacin was studied previ- ously, only a small amount of data was published (13, 39) and these reports used a one-compartment model. The one-compartment model trends towards overestimation of concentration at early time points and underestimation at later times (33) . Alternatively, the serum concentration profiles of arbekacin were fitted to a two-compartment model in this study, because enough data were obtained to perform a population pharmacokinetic analysis. Five to 32 serum concentrations were obtained from each healthy volunteer, and more than two samples per individual were obtained from 89% of the patients. CL CR is one of the most important factors affecting arbekacin disposition, because arbekacin is mainly excreted by glomerular filtration. The percentage of urinary excretion for a 24-h period was 70 to 85% following intravenous infusion in healthy volunteers (45) . The dependence of arbekacin CL on CL CR was more obvious in patients with insufficient renal function, while patients with a normal range of CL CR values showed less dependence, since they had sufficient renal function. In this study, we used the Cockcroft-Gault equation for the estimation of CL CR , because this equation is the most widely used formula in clinical practice. It has also been suggested that aminoglycoside clearance itself may be a better predictor for renal function than CL CR is (14) ; however, we often need to decide the first dose using population pharmacokinetic parameters before therapeutic drug monitoring. Therefore, we need a predictor for renal function other than aminoglycoside clearance. We estimated the CL CR value of 80 ml/minute for the breakpoint and classified two groups (Table  4 and Fig. 2 ). The breakpoint depends on the data; for example, 85 ml/minute was used for a population analysis of vancomycin (46) , and a small pharmacokinetic study of arbekacin suggested 60 ml/minute (36) . For many drugs, body size parameters, such as body weight, have been suggested as factors responsible for individual variability in pharmacokinetic parameter estimates. In this analysis, body weight was used as a covariate to help explain the variability in nonrenal clearance for patients with normal renal function. Moreover, CL of arbekacin was inversely proportional to age, even after correction by CL CR (Table 4 ). This was probably due to several factors that are common in the elderly, such as diminished cardiac function, concomitant illness, and concurrent drug therapy. Zaske et al. reported that the gentamicin clearance decreased in elderly patients with normal renal function; clearance of patients older than 80 years was 60% that of young patients (47) .
The volume of distribution of arbekacin significantly increased in patients with pneumonia, sepsis, and other infectious diseases secondary to burns compared to noninfected subjects ( Table 4 ). The present result was in agreement with several previous studies in that the V values of aminoglycosides were larger in infected patients. For example, the mean V of gentamicin or tobramycin in patients with sepsis was significantly larger than that in healthy volunteers (by 60%) (29) , and Marik showed that the APACHE II score, severity of illness scoring system, and the V of amikacin had a correlation coefficient of 0.7 (21) . Longley et al. (20) suggested that patients with AIDS may have an increased aminoglycoside V. Due to lower body weight and decreased serum albumin concentrations, the AIDS patients could have increased extracellular body water because the percentage of water may be increased in nutritionally deficient people. It was shown that the V of gentamicin was increased in the critically ill, and Triginer et al. showed that the change in V for single-dose gentamicin was dependent on time, and then they suggested that larger maintenance doses were required to achieve peak therapeutic levels during the initial days of therapy (43) . Moreover, Tang et al. (40) reported that the hyperdynamic septic patients had a higher V of gentamicin than hypodynamic septic and control patients and that V for the critically ill infected surgical patients was linked to the cardiac index and severity of disease. This is consistent with the hypothesis that the increased airway pressure and then intrathoracic pressure will compromise the peripheral venous return, which in turn induces fluid retention and increased V (40) . Recently, Lingvall et al. (19) reported a 14% increase in V in septic neonates using population pharmacokinetic analysis, which indicated that gentamicin V increased during sepsis not only in adults but also in neonates. It is widely accepted that increased V in patients with sepsis during the acute phase of this disease has been attributed to increased capillary permeability, resulting in extravascular fluid sequestration following vigorous fluid resuscitation (43) .
Arbekacin is a highly charged drug that is minimally protein bound (25) and insoluble in lipids (31), seems to have a volume distribution similar to that of the extracellular space, similar to those of other aminoglycosides (21) . Therefore, it is thought that a larger V is caused by the increased extracellular space because an infectious disease often results in diffuse microcapillary injury with endothelial damage and interstitial tissue edema. In this study, the average V value for the peripheral compartment in patients with pneumonia was particularly large compared to the V 2 value in patients with sepsis and threefold larger than that of healthy volunteers (Table 4 ). In addition, the variability of individual V values in patients with pneumonia was much larger than that of healthy subjects ( Fig. 3) .
Several drugs exhibit altered pharmacokinetics in burn patients. Studies on the pharmacokinetics of intravenous ciprofloxacin (8, 18) showed that ciprofloxacin clearance decreased in burn patients, and a moderate inverse correlation was noted between percent body surface area burned and total body clearance of ciprofloxacin. In the present study, it was also observed that the V values of arbekacin in burn patients increased compared with those of healthy subjects. We examined whether there was any correlation between individual V values and the burn index, which indicates the area and degree of serious injury, but no statistically significant correlation was obtained. A possible explanation for the lack of correlation was that many patients were infected with MRSA more than a week after the burn injury, and the timing of arbekacin dose was different from that typically used during the most serious burn stage.
Age was also a factor influencing the V of arbekacin in this study, and elderly people aged 80 years or over showed a V 1 increase of 19% (Table 4 ). This result is in agreement with previous reports, for example, elderly people aged 65 years or over showed an arbekacin V 1 increase of 19% (36) , and the V of gentamicin increased by 22% in elderly people over 60 years compared with young subjects under 40 years (47) . Since aminoglycosides are minimally protein bound and insoluble in lipids, the increase in V in the elderly is contrary to the increase in total body weight fat fraction in the elderly. The mechanism for altering V in aged subjects has not been clarified.
On the basis of the estimated population pharmacokinetic parameters, we simulated the serum arbekacin concentrationversus-time curves for healthy subjects and patients with pneumonia (Fig. 5 ). The current labeled dosage for arbekacin (100 mg twice daily) never achieves the peak level of 6 g/ml in patients with pneumonia ( Fig. 5A ), while the same dose and dosage can reach 7 g/ml in healthy subjects (Fig. 5A) . In contrast, when the same daily dose (200 mg) was administered once daily to pneumonia patients, the peak level of arbekacin reached 10 g/ml, suggesting a higher expected efficacy (Fig.  5B ). Serum arbekacin concentration profiles were also simulated for other infections with similar results, i.e., the standard dosage regimen did not reach the effective peak concentration for infected patients. To prevent nephrotoxicity caused by aminoglycosides, the trough concentration should be sufficiently low. A widely accepted target trough level is Ͻ2 g/ml, but for once-a-day administration, a trough level of Ͻ1 g/ml should be maintained as a safety margin (28) . Nephrotoxicity by aminoglycosides is generally reversible upon discontinuing treatment or upon careful monitoring and control of serum drug concentration. The present population pharmacokinetic parameters for arbekacin are extremely useful when considering the most suitable dose and dosing regimen for individual patients. For example, in a pneumonia patient with CL CR of 20 ml/min, the pharmacokinetic simulation suggested a 200-mg dose administered by 48-hour dosing interval (Fig. 5C ).
At present in Japan, the antibiotics used for the treatment of MRSA are arbekacin, vancomycin, and teicoplanin. Vancomycin and teicoplanin are glycopeptide antibiotics, which possess antimicrobial efficacy to gram-positive bacteria but not gramnegative pathogens. The advantage of arbekacin includes activity against both gram-positive and gram-negative bacteria, including Pseudomonas aeruginosa. Moreover, there has been a severe problem since the emergence of MRSA strains resistant to vancomycin and teicoplanin (11, 38) . In contrast, resistance to arbekacin is rarely seen, because arbekacin is not inactivated by aminoglycoside-modifying enzymes. A new metabolite of arbekacin has been identified from arbekacin-resistant strains of MRSA (7) and does not appear to cause any clinical complications.
In conclusion, a population pharmacokinetic model and parameters for arbekacin were obtained from 1,581 serum concentrations of 403 subjects. The population mean clearance in patients with a CL CR of Ͻ80 ml/min was related to CL CR and age, while clearance in patients with a CL CR of Ն80 ml/min was associated with CL CR , age, and WT. The volume of distribution was different in noninfected and infected subjects, and also among different disease types. When patients were over 80 years, age also affected the central volume of distribution. The present results are useful for the initial dosage recommendation as well as for individualization of arbekacin dosing via TDM. The population pharmacokinetic parameters are also useful in analyzing relationships between drug exposure and response as described in a companion article (35) . (C) Simulation curve of data for a patient with pneumonia with renal impairment. The target peak concentration is not lower than 7 g/ml (broken lines), and the trough concentration is lower than 2 g/ml (dotted line).
